1. Introduction {#sec1}
===============

Atrial septal defect (ASD) is one of the most common congenital heart defect and accounts for about 30% of the congenital heart disease. With the development of interventions and cardiac catheterization, the interventional treatment has become the preferred option for ASD patients. Currently, nickel-titanium-alloy occluders have been widely used; however, there are many complications involved with it, such as erosion or perforation of the device, delayed endothelialization, thrombus formation, severe valvular damage, hemolytic phenomena, nickel allergy, and even aortic-atrial fistula \[[@B1]--[@B6]\]. Therefore, there is a need to find more appropriate materials to reduce such complications. As of now, the percutaneous devices for septal defect treatment are made of nondegradable metallic and synthetic fabric materials. These devices are not ideal due to risks of future complications from device erosions and potential obstructed access for future transseptal procedures \[[@B7]\]. Ideally, occluder material should be completely absorbed by the body as a bridge to achieve the purpose of self-healing defect.

To address this, we selected polydioxanone (PDO), poly-L-lactic acid (PLA), polyglycolic acid (PGA), and other biodegradable materials to develop a fully biodegradable ASD occluder. The study was conducted to evaluate the feasibility, safety, biocompatibility, and degradation features of transcatheter closure of ASD in acute animal (canine) model using the fully biodegradable ASD occluder.

2. Materials and Methods {#sec2}
========================

2.1. Occluder Device {#sec2.1}
--------------------

The ASD occluder made from biodegradable materials is a self-expandable double-disc device which is similar in construction to the Amplatzer septal occluder (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}). Two-disc-like occluders with 3 mm waist length were prepared with a 0.298 mm thickness PDO using monofilament woven technology and thermoforming technology. A flat disc-shaped structure at left side represents the edge slightly to close to the right internal and is approximately 15 mm in diameter. The right side was disc shaped and approximately 10 mm in diameter. There was a little sunken groove in the centre and a circular loop laid hidden inside for transportation. The PDO possesses a good shape memory so that the occluder can be compressed radically and facilitate delivery and release of the transcatheter. Both sides of the discs were filled with woven PLA to block blood flow. Two metal tantalum particles (0.5 × 0.5 × 0.5 mm^3^) were fixed at the edge of each side of the discs in symmetrical position, as markers under X-ray.

2.2. Delivery System {#sec2.2}
--------------------

The overall structure of the delivery device was similar to a foreign body forceps, with a front hinged jaw and a straight rob to control the opening and closing. The forceps were designed in arc shape to prevent the injury of blood vessels during the opening or closing time. There was a groove on the medial side, and the rear loop of occluder was placed in the groove and so that it would not slip. On the rear side it adopts a spiral design with automatic locking, to manipulate the jaw-opening angle (Figures [1(c)](#fig1){ref-type="fig"} and [1(d)](#fig1){ref-type="fig"}).

2.3. Preparation of ASD Model and Transcatheter Closure {#sec2.3}
-------------------------------------------------------

Twenty healthy mongrel dogs weighing 17--22 kg (male and female) were purchased from the experimental animal center of Second Military Medical University. Preoperative auscultation showed no heart murmur. Intramuscular injection of ketamine (10 mg/kg) and diazepam 10 mg and then an additional intravenous propofol were given according to the actual situation in the surgery. Under X-ray guidance, long guidewire, 8F Mullins transseptal sheath, and brockenbrough needle were placed into the superior vena cava by right anterior oblique projection. The puncture needle was withdrawn to select the puncture site in the right anterior oblique in 75 degree position. After puncture, a steel wire was delivered to the left atrial, and heparin was administered. A 14F delivery sheath was introduced over the retained wire across the defect. An appropriate occluder was selected; a push rod was used to clamp the circular loop of occluder at the right atrial through the loaded catheter; the fixed screw was tightened in the rear to close the jaw. The occluder was loaded into the catheter, and any air trapped inside was removed. The occluder was connected to the delivery system, and then the occluder was pushed through the delivery sheath into the left atrium under X-ray guidance. The disc was expanded on the left atrial side of occluder in the left atrial cavity (judged by the tantalum markers located in the symmetrical position at the edge of the disc), the sheath was withdrawn, and the device was delivered to make sure that the disc on the left atrial side of occluder was clings to the atrial septal. The delivery device was fixed when resistance was felt during withdrawal then the sheath was withdrawn to open the disc on the right atrial side of occluder. In case of resistance, the closure device was fixed by gentle sliding. Different fluoroscopy positions were taken to ensure complete opening of the disc of occluder, and tranthoracic echocardiography confirmed the location of the occluder in the atrial septal. Both the discs were well opened, and the delivery device was loosened to release the occluder. The catheter was withdrawn, firm pressure was applied to the puncture site, and the closure was completed ([Figure 2](#fig2){ref-type="fig"}).

2.4. Postoperative Management {#sec2.4}
-----------------------------

Postoperative antibiotics (penicillin and amikacin) were used to prevent infection for three days. The general state was observed, such as feeding, mental status, living habits, urine, the presence of hemiplegia, and abnormal behavior. The ECG, transthoracic echocardiography, and X-ray were checked periodically. After 2 weeks, 4 weeks, 8 weeks, 12 weeks, and 24 weeks of implantation, 2-3 dogs were sacrificed, and the hearts were removed. Gross anatomical examination was done to observe the occluder and adjacent anatomic structure. The occluder and surrounding tissue were taken for pathological examination to observe the surrounding inflammatory response, tissue hyperplasia, endothelialization, and the degradation of the PLA film and PDO wire of the occluder. Immunohistochemical staining for CD34 was performed on the paraffin-embedded tissue sections. The lung, liver, spleen, and kidney were also removed for pathological examination. After 8 weeks and 12 weeks of implantation, endothelialization of occluders was observed with the scanning electron microscopy.

3. Results {#sec3}
==========

3.1. Built Models and the Technical Success Rate {#sec3.1}
------------------------------------------------

The ASD model was successfully created in 18 dogs, and 16 occluders were implanted successfully. The success rate was 88.9%. One case died due to a large quantity of gas in the right ventricular through the delivery sheath during the release of occluder. Implantation was abandoned in another case due to the accidental injury of conduction system which caused the slowdown of heart rate. Sixteen successfully implanted occluders were delivered and released smoothly; the position of occluders was normal; tantalum particles were visible under the X-ray. Intraoperative ECG monitoring showed no other complications except for a transient atrial premature beat. The occluder was clearly visible under ultrasound after release; both the discs were well opened. Color Doppler ultrasound showed that 15 of 16 cases (93.75%) had complete closure, and 1 of 16 cases (6.25%) had a trace to small shunt immediately after the procedures. There was no mitral regurgitation or tricuspid regurgitation. The total duration of operation including preparation of models and occluder placement was 70 ± 17.25 min (40--94 min, *n* = 16). The mean X-ray fluoroscopy time was 15 ± 3.52 min (12--22 min, *n* = 16).

3.2. Postoperative Followup {#sec3.2}
---------------------------

### 3.2.1. The General State and Examination of Ultrasound, ECG, and X-ray {#sec3.2.1}

Dogs were in good mental state, eating normally, and exhibited free movements after the procedure. There was no paralysis, abnormal behavior, hematochezia, and gross hematuria. ECG was normal at all-time points, no shift in the tantalum markers was observed under X-ray fluoroscopy. There was no significant mitral regurgitation or tricuspid regurgitation or pulmonary vein regurgitation as reported by ultrasound examination. Echocardiography showed that the occluder was still clearly visible at 8 weeks, but at 24 weeks the occluder remained unidentified ([Figure 3](#fig3){ref-type="fig"}).

3.3. Macroscopic Examination of Cardiac Anatomy {#sec3.3}
-----------------------------------------------

Animals were sacrificed at different times (2 weeks, 4 weeks, 8 weeks, 12 weeks, and 24 weeks). After procedure, the cardiac gross anatomy showed that all occluders were present in the interatrial septum. There were no obvious changes in the shape of the heart, the volume of cardiac chamber and myocardial wall thickness, and there were no valvular lesions. The occluder was implanted more than 2 mm away from the mitral valve, tricuspid valve, coronary sinus, right superior, and inferior pulmonary vein, wherein no changes in the flow velocity were found. There were no vegetation and thrombus formation on surface of all the occluders. Two weeks after the procedure, the occluder shape was retained, the surface of occluder was covered with a layer of newborn film, PDO wire was clearly visible, and the color was still light blue ([Figure 4(a)](#fig4){ref-type="fig"}). Four weeks after the procedure, the surface of occluder was covered with a layer of translucent red film, the shape of the occluder was retained but was partially fused with the endocardial tissue, PDO wire was still clearly visible, and the color was faded ([Figure 4(b)](#fig4){ref-type="fig"}). Eight weeks after the procedure, the surface of the occluder was covered with reddish-white film, the PDO wire was still visible but fused with the endocardial tissue, and the occluder shape was still retained ([Figure 4(c)](#fig4){ref-type="fig"}). Twelve weeks after the procedure, the surface of the occluder was basically covered with milky white film, mixed with a little red, the PDO wire was faintly visible ([Figure 4(d)](#fig4){ref-type="fig"}). Twenty-four weeks after the procedure, the surface of the occluder was covered with a dense porcelain-white film, the PDO wire was unidentifiable (Figures [4(e)](#fig4){ref-type="fig"} and [4(f)](#fig4){ref-type="fig"}), the occluder was bisected by a symmetrical cut along the long axis of the waist, the occluder became an integral part of the septum, the contour was still visible, but the PDO wire and PLA film were not identifiable. At different time points after the procedure, no abnormalities in the gross specimens of lung, liver, spleen, and kidneys were noted, and no infarction was observed by naked-eye examination.

3.4. Histopathological Examination {#sec3.4}
----------------------------------

Eight weeks after procedure, haematoxylin eosin (HE) staining showed a large number of inflammatory cells around the occlude, PDO and PLA wire retained their shape, obvious fibrous connective tissue hyperplasia was found (Figures [5(a)](#fig5){ref-type="fig"} and [5(b)](#fig5){ref-type="fig"}). Twelve weeks after the procedure, inflammatory response significantly decreased. The PDO wire at the edge of the discs began to disintegrate but was still in good shape, there were clear boundaries between PDO wire and surrounding tissues (Figures [5(c)](#fig5){ref-type="fig"} and [5(d)](#fig5){ref-type="fig"}). The surface of occluder was lined with a continuous layer of flattened cells (they were confirmed as endothelial cells by CD34 immunohistochemistry staining) under which fibrous connective tissues, thin-walled neovascular, were seen ([Figure 6(c)](#fig6){ref-type="fig"}). Sixteen weeks after procedure, there was no inflammatory response; most of the PDO wire had already disintegrated, and some of it was substituted by hyperplastic fibrous connective tissue; new blood vessels were also found (Figures [5(e)](#fig5){ref-type="fig"} and [5(f)](#fig5){ref-type="fig"}). Twenty-four weeks after the procedure, inflammatory response was completely dissipated, two discs were endothelialized completely with dense fibrous connective tissue at the bottom, thick-walled neovascular, was seen, most of the PDO wire was disintegrated and substituted by hyperplastic fibrous connective tissue, also PLA began to disintegrate (Figures [5(g)](#fig5){ref-type="fig"} and [5(h)](#fig5){ref-type="fig"}). Histopathological observations of lung, liver, spleen, and kidneys were done after procedure at 2 weeks, 4 weeks, 8 weeks, 12 weeks, and 24 weeks; no abnormalities were noted, and no infarction was found.

3.5. Scanning Electron Microscopic Observation {#sec3.5}
----------------------------------------------

Eight weeks after the procedure, the surface of occluder was lined with a continuous layer of endothelial cells, showed an imbricated surface, but was relatively sparse. There was fibrous connective tissue among the endothelial cells. Twelve weeks after procedure, endothelial cells have become denser, and the surface of occluder showed a wave-like surface (Figures [6(a)](#fig6){ref-type="fig"} and [6(b)](#fig6){ref-type="fig"}).

4. Discussion {#sec4}
=============

The Amplatzer septal occluder device is currently the most widely used occluder for transcatheter closure of ASD. However, some potential short comings remain unavoidable. In particular, some amount of cardiac erosion or perforation occurred during late followup and are potentially life threatening, which makes its long-term safety being questionable \[[@B4]--[@B6]\]. The mechanism of late-onset cardiac perforation remains unknown. We presumed that the late-onset complication after the occluder deployment may be caused by continuing compression of the adjacent atrial tissue due to the shape memory property of nitinol. Thus, the improvement of production materials would help to reduce complications. In a study by Wu et al., ASD has been termed as the "Chinese Lantern" made of fully biodegradable polymers featured with a unique pull-fold mechanism. The X-ray imaging showed that the devices were in satisfactory position and stable after one month of followup \[[@B8]\].

After implantation, the occluder provides a temporary "bridge" for cardiac self-repair. Once the defect is firmly covered by host connective tissue and endothelial cells, occluder device would lose the value of existence and will not need a permanent retention *in vivo*. Therefore, an ideal ASD occluder should be absorbed by the body, so that defect could be repaired completely by host organization and should eliminate long-term complications and other unfavorable factors caused by the permanent retention of occluder device. The BioSTAR septal repair implant (NMT Medical, Boston) is a bioabsorbable device, instead of the polyester fiber membrane of occluder; the device is made of a cellular porcine intestinal type I collagen layer. As compared with nondegradable polyester fiber membrane occluder device, BioSTAR can be absorbed and replaced by host tissue *in vivo* and has the advantage of reducing thrombogenicity and improving biocompatibility \[[@B9]--[@B11b]\]. But the device cannot be completely degraded because the BioSTAR possesses the traditional stainless steel framework. A case of late cardiac perforation by metal struts has been reported \[[@B12]\]. The success of development of BioSTAR and clinical trials favoring it mark a huge step forward from metal occluder device to biodegradable occluder device, and bring new ideas and hope to intervention workers. Therefore, the development of biodegradable occluder device will be the development trend in the future.

Synthetic biodegradable polymers have been approved by the US FDA to produce implant materials in humans. These materials have a good biocompatibility, and degradation products do not cause adverse effect on organizations. Our research indicated that biodegradable occluder device made of PLA, PDO, PGA, and tantalum particles has the following advantages. Occluder can achieve a good compressibility and elastic recovery by means of monofilament fiber woven technology. Liu et al. also used nanofibrous matrix of poly-D-L-lactide-glycolide (PLGA)/type I collagen blend which was produced via electrospinning to develop biodegradable and biomimetic antishunt membranes for the occluders \[[@B13]\]. Zilberman et al. \[[@B14]\] studied self-expandable tubular stents made of PLA, PDO, and PGA, *in vitro* degradation and mechanical properties. Research showed that the degradation time of PLA scaffolds were approximately 24 months and can provide effective support for at least 20 weeks; degradation time of PDO was 6 months and can afford good support for 5 weeks; PGA is relatively rapid but can provide good support for only 2 weeks. Occluder should have good compressibility and shape memory properties, in view of that transcatheter delivery, and release is also needed. The monofilament of PDO, which had been woven into biodegradable self-expanding oesophageal stents \[[@B15], [@B16]\] and bronchial stents, \[[@B17]\] combined a high initial strength and modulus together with good ductility and flexibility, and were therefore chosen for use in the occluder to provide a self-expandable property. After the implantation, the time required for full endothelialization and effective support was approximately three months; we therefore adopted PDO to produce the scaffold of cardiac defect occluder and chose PLA film with the degradation time of up to 2 years.

Trancatheter closure of atrial septal defect is conventionally guided by X-ray fluoroscopy, so the occluder should be visible under the X-ray. Biodegradable polymer materials can penetrate the X-ray; however, it is difficult to positioning and release of occluder. To solve the problem, four tantalum particles (0.5 × 0.5 × 0.5 mm^3^) were fixed with PLA absorbable suture at the edge of each side of the discs in symmetric position to achieve the purpose of imaging tracer under DSA. Our experiment confirmed that the location of occluder could be investigated by imaging the tantalum particles; occluder disc was fully opened according to the commencement of tantalum particles and checked whether the discs were fully opened, thus providing the best solution to the problem of bad biodegradable occluder-DSA image.

In our study, acute ASD model was successfully created in 18 dogs, and 16 occluders were successfully implanted in ASD models, 2 implants failed due to lack of experience. During the closure process, the forceps device of delivery system was firmly bonded with a small circular loop of occluder at the rear, and then occluders were delivered and released smoothly, both of the two discs could change back to discoidal forms after the release, the opening degree was confirmed by ultrasound monitoring and X-ray contrast medium tantalum particles, which demonstrated that biodegradable occluder has a high safety level and simple operability, no obvious complications were found.

PDO has shown excellent biocompatibility in applications such as sutures \[[@B18], [@B19]\], orthopedic tissue fixation devices \[[@B20], [@B21]\], and chest wall prosthesis \[[@B22]\]. In the vasculature, PDO has been tested as vascular grafts \[[@B23]--[@B25]\], stents \[[@B26]\], and valved patches \[[@B27]\] and has shown good biocompatibility and minimal thrombosis. The surface endothelialization of occluder has contributed to reduce the risk of thrombosis and endocarditis. Our experiment showed that 8 weeks after procedure, the surface of occluder was covered with reddish-white film. Immunohistochemical staining of occluder at 12 weeks showed the surface lining of occluder with a continuous layer of endothelial cells (CD34+). Electron microscopic examination of occluder at 12 weeks showed denser endothelial cells and showed a wave-like surface of occluder.

4.1. The Degradation Rate of PDO Was Matching the Speed of Tissue Formation {#sec4.1}
---------------------------------------------------------------------------

In the early stages of hydrolytic degradation, water diffuses inside the amorphous regions of PDO wire and causes the formation of tie molecules from the hydrolytic scission of chain segments. The chain segments themselves turned into free flexible molecular segments which were easy to form new orderly folded regions to limit the infiltration of water molecules. Therefore, the destruction of interfibrillar amorphous region was not serious in the initial period; the degradation process of PDO fibers was much gentle, and monofilament fiber displayed adequate tensile strength. They sustained the dormant stage for 90 days and then entered to the active stage \[[@B28], [@B29]\]. The PLA film degradation was significantly slower than the PDO, and no significant degradation was found at 12 weeks after procedure. At 24 weeks, PLA film was partially degraded which was conducive to preventing the shedding of tantalum particle and postoperative ASD recanalization. We used PDO wire as the scaffold to provide support and chosen woven PLA as the film to block blood flow and to mediate thrombus formation. Biodegradable occluders were followed up for 6 months after the implantation. Animals were sacrificed at different times; after procedure, the cardiac gross anatomy showed all occluders stable in the interatrial septum, the occluder shape was retained, and there was no PDO wire fracture. Naked-eye examination showed that 12 weeks after the procedure the structural integrity of PDO wire remained visible, at 24 weeks the occluder was been substituted by dense fibrous connective tissue, and there was no postoperative ASD recanalization. At 8 weeks after the procedure, histopathological examination showed that PDO wire retained its shape, at 12 weeks PDO wire at the edge of the discs began to disintegrate, but still in good shape, and at 24 weeks most of the PDO wire had already been disintegrated and substituted by hyperplastic fibrous connective tissue.

In conclusion, from our limited experience, it can be speculated that biodegradable ASD occluders have the advantages of easy surgery, high success rate, fewer complications, and excellent biocompatibility. They are rapid with full endothelialization and will have bright foreground application.

4.2. Study Limitations {#sec4.2}
----------------------

The present study has several limitations. It is possible that an acute myocardium injury associated with punch and dilatation could have effect on the healing response after implantation of the occluder. This should be noted when interpreting the results of this study. Occluder size was likely to be limited. The diameter of PDO monofilament fiber was 0.298 mm; nickel-titanium wire was only 0.1 mm; thus, the preparation of bigger and fully biodegradable ASD occluder would certainly cause difficulties. A lot of efforts are required to look after the synthesis of biodegradable materials with thinner diameter and effective support.

Also, being a feasibility study, the dogs were followed up for only 24 weeks. Although the complete endothelialization was achieved in 12 weeks and the PDO framework was largely absorbed at 24 weeks after implantation, we believe that longer followup periods are needed as the PLLA needs 24 months or more to dissolve *in vivo*.
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![Biodegradable ASD occluder and delivery system. (a) Left atrial view; (b) lateral view, the end of the circular loop picked up by the tweezer; (c) the jaw of the delivery device was designed to be an unstable structure, and it can be opened on both sides according to the force to prevent hook when the occluder was released; (d) the forward opening of the jaw; (e) propeller type manipulated handle.](JBB2012-735989.001){#fig1}

![Transcatheter placement of biodegradable ASD occluder (a) retains the guide wire after the model was created; (b) the occluder (indicated by the white arrow) passes through a sheath, and tantalum marker particles can be seen in the front of occluder; (c) unsheathed the left atrial side of occluder (indicated by the white arrow); (d) the release of the left atrial side of occluder, tantalum particles were unsheathed and separated; (e) the release of the right atrial side of occluder, separation of tantalum particles can be seen (see the white oval); (f) after the occluder release, tantalum markers indicate that both of the two discs were well opened (two small white oval).](JBB2012-735989.002){#fig2}

![Ultrasound followup. (a) The occluder was still clearly visible in atrial septal at 8 weeks (red arrow); (b) at 24 weeks, the occluder has been unable to identify (the red arrow showing the atrial septal).](JBB2012-735989.003){#fig3}

![Gross inspection of the occluder at different time points after procedure (white arrows show the biodegradable occluder, and black arrows for the tricuspid annulus). (a) 2 weeks after procedure, the occluder shape was kept, the surface of occluder was covered with a layer of newborn film, PDO wire was clearly visible; (b) 4 weeks after procedure, the surface of occluder was covered with a certain amount of connective tissue, the occluder shape was kept, and partially fusion with the endocardial, PDO wire was still clearly visible; (c) 8 weeks after procedure, the surface of occluder was covered with reddish-white film, the PDO wire was still visible; (d) 12 weeks after procedure, the surface of the occluder was basically covered with milky-white film, mixed with a little red, the PDO wire was faintly visible; (e) 24 weeks after procedure, the surface of the occluder was covered with a dense porcelain-white film, the PDO wire has been unidentifiable; (f) 24 weeks after procedure, the occluder was bisected by a symmetrical cut, the occluder has become an integral part of the septum, the contour was still visible, but the PDO wire and PLA film have been unable to identify.](JBB2012-735989.004){#fig4}

![HE staining of occluder at different time points after procedure (a, c, e, and g original magnification: 10 × 10; b, d, f, and h original magnification 10 × 20). (a, b) At 8 weeks after implantation, PDO (black arrow) and PLA (blue arrow) wire was kept in shape; there were a large number of inflammatory cells around the around PDO wire (black arrow). (c, d) At 12 weeks after implantation, the edge of PDO wire (black arrow) began to disintegrate, and newly formed microvessels could be seen (red arrow); PLA wire (blue arrow) was surrounded by inflammatory cells. (e, f) At 16 weeks after implantation, the majority of the edge of PDO has been disintegrated (black arrow); the inflammation has subsided; well remodeling microvessels could be seen (red arrow); aggregates of multinuclear giant cells (yellow arrow) were found in the areas where the PDO wires had undergone degradation. (g, h) At 24 weeks after implantation, PDO almost completes degradation and substituted by hyperplastic fibrous connective tissue (black arrow), the PLA (blue arrow) that was partly degraded and neovascular could be seen (red arrow).](JBB2012-735989.005){#fig5}

![Endothelialization of of the surface of occlude. (a) Eight weeks after the procedure, the surface of occluder was lined with a layer of sparse endothelial cells (scanning electron micrographs × 2,000); (b) paving-stone-like arranged endothelial cells cover completely the surfaces of devices at 12 weeks (scanning electron micrographs × 2,000); (c) positive immunohistochemical staining (white arrow) for CD34 in superficial cells of the neointima at 12 weeks after implantation (original magnification 10 × 10).](JBB2012-735989.006){#fig6}
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